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INTRODUCTION TO GAS-DRIVEN ERUPTIONS
No sight on Earth is more inspiring than that of an explosive volcanic eruption column ascending tremendously into the sky. Explosive eruptions are one kind of gas-driven eruptions, and they were the only kind known to science before 1984. Since that time, however, lake eruptions have been recognized (Freeth & Kay 1987; Kling et al. 1987 Kling et al. , 1989 Sigurdsson et al. 1987; Sigvaldason 1989; Tazieff 1989; Freeth 1990; Freeth et al. 1990; Giggenbach 1990; Sabroux et al. 1990) , and other types of gas-driven eruptions have been proposed (Chivas et al. 1987 , Crawford & Stevenson 1988 , Ryskin 2003 , Zhang 2003 . This paper reviews the dynamics of gas-driven eruptions, focusing on lake eruptions and possible ocean eruptions.
Gas-driven eruptions are powered by the rapid exsolution of initially dissolved gas in a liquid. At high system pressures, the gas component is dissolved in the liquid. As the system pressure decreases, the solubility of the gas in the liquid decreases. Once supersaturation of the gas is reached, bubbles nucleate and grow, leading to large volume expansion. The expansion either drives the bubbly liquid upward through a solid medium (as in volcanic eruptions), or leads to the buoyant rise of a bubble plume in a fluid medium (as in lake eruptions). The dynamics of gas-driven eruptions depend on the gas-liquid system, whether the eruption is through a solid conduit or a fluid medium, and the initial and boundary conditions.
Small-scale gas-driven eruptions may also be encountered during daily life. For example, champagne and beer may erupt when opened, especially if previously shaken. However, if opened carefully these liquids may not violently erupt because nucleation of bubbles is a difficult process. That is, for a system with a small degree of supersaturation, slow nucleation may suppress eruption. In such a case, addition of nucleation sites would facilitate eruptions. For example, if you enjoy beer and cigarettes (which we do not encourage), you may try the following "trick." Open a bottle of cold beer, without shaking it, and place it on a table. Although beer is oversaturated with CO 2 , few bubbles would form and grow because nucleation requires some activation energy. Ask if your friends are able to drink it without touching the bottle by hand. When no one can accomplish this, light a cigarette and tap some cigarette ash into the beer. The ash particles provide nucleation sites and bubbles nucleate and grow. The resulting volume expansion drives bubbly beer to flow from the bottle mouth, where it can be consumed without touching the bottle.
Lake Eruptions
It might be a surprise that such large-scale geologic processes as lake eruptions were only recognized in the 1980s. After their discovery, the process and mechanisms puzzled scientists for some time. To date, there are only two known cases of lake eruptions, both from Cameroon, Africa, and only one other lake in the world, Lake Kivu in East Africa, is known to contain dangerous gas concentrations (Tietze et al. 1980 , Kling et al. 1991 . The eruption of Lake Monoun in August of 1984 killed ∼37 people, and the eruption of Lake Nyos in August of 1986 killed ∼1700 people up to 26 km away from the lake. The deaths led the lakes to be known as the "killer lakes."
Figure 1
Lake Nyos under normal conditions (May 1995) and after eruption (September 1986) (G. Kling) . The change in surface color is due mainly to an iron-hydroxide that precipitated when anoxic bottom water rich in iron was mixed to the surface and oxidized during the eruption ).
Eyewitnesses who were fortunate enough to survive the disaster gave the following account for Lake Nyos eruption . At about 21:30 they heard a series of rumbling or bubbling sounds lasting 15 to 20 seconds, and one observer walked to the crater rim and saw a white cloud or mist rise from the lake and a large water surge. Although people smelled the odor of rotten eggs or gunpowder, they lost consciousness owing to the lack of oxygen in the dense, ground-hugging cloud of CO 2 mixed with water vapor and droplets. Many animals also died in the Nyos eruption, but vegetation around the lake was not significantly affected. In addition, the surface of the lake turned reddish brown after the event owing to the oxidation of dissolved iron mixed to the surface from depth (Figure 1) . At Lake Monoun, the eruption also occurred at night, and the gas cloud filled a low-lying area near the lake (Sigurdsson et al. 1987) . Travelers on a nearby road were killed as they entered the area, as were people who left higher ground to help those who had fallen in the valley.
In the aftermath of the Lake Nyos disaster, many countries sent teams of scientists to investigate the cause of the disaster. The Cameroon Ministry of Higher Education and Scientific Research organized a conference in Yaoundé (the capital of Cameroon) in March 1987 on the cause of the Lake Nyos disaster. Two scientific hypotheses emerged from the conference about the origin of the massive CO 2 gas releases. The first was the volcanic hypothesis, in which a volcanic eruption occurred through the lake. The second was the limnic hypothesis, where gas was stored in the lake prior to the event and released during a lake overturn or mixing of surface and bottom waters. As evidence, scientists advancing the volcanic hypothesis cited the violence and localized nature of the process, color of the lake, smell of the gas, plus some other anecdotal evidence. However, surveys of the lake and surroundings failed to discover fresh volcanic rock, heat inputs to the lake, volcanic vents, or disturbed sediments . Whether these gas eruptions were volcanic in nature, and therefore impossible to stop, or whether they were limnological in nature, and therefore possible to identify and mitigate through gas removal, had direct political and socioeconomic consequences.
Considerable progress was made after the Yaoundé Conference in both the empirical understanding of the causes of the disasters and the theoretical understanding of CO 2 -driven lake eruptions. Scientists now agree that the events were limnological in nature and represent CO 2 -driven water eruptions owing to the rapid exsolution of CO 2 gas bubbles from dissolved CO 2 stored in the lakes. The basic processes of lake eruptions are as follows. Because the lakes overlie a volcanic field, CO 2 from magmas at depth gradually percolates upward through the overlying rocks and dissolves in near-surface groundwaters, which then enter the bottom of the lake as CO 2 -charged springs [it is possible that free gas also enters the lakes, but this has never been demonstrated (Evans et al. 1993) ]. As CO 2 dissolves in the lake bottom water, the density of water increases, which creates a stable stratification with less dense, CO 2 -poor water at the lake surface. Further transport of CO 2 upward in the lake is controlled by diffusion. When CO 2 in bottom waters becomes oversaturated, bubbles nucleate and grow, leading to an erupting bubble plume. Even if CO 2 pressures are somewhat below saturation, an eruption could occur if there is an input of energy (such as a landslide) that moves bottom water upward to the point where dissolved gas pressure exceeds local hydrostatic pressure. There is still debate about the exact triggering mechanism (Cotel 1999) and the depth at which the eruption initiated .
After the erupting bubble plume exits the lake surface, the gas cloud eventually collapses and becomes a ground-hugging density flow because CO 2 -rich gas is denser than air. Such a gravity current is similar to a pyroclastic flow. However, because the flow is not hot (pyro) and contains no clastic particles, Zhang (1996) coined the term ambioructic flow to describe the CO 2 flow carrying water droplets at ambient temperatures (ambioructic is formed by combining ambient and eruct; an eruction produces a water droplet-laden CO 2 flow). The CO 2 -rich and O 2 -poor density flow kills people and animals in its path through asphyxiation.
With this understanding of lake eruptions, mitigation measures are being taken to avoid future eruptions. An operational degassing pipe was installed in Lake Nyos in 2001 and in Lake Monoun in 2003 (Halbwachs et al. 2004 , Kling et al. 2005 , although more pipes are needed to reduce the risk of future eruptions. It is hoped that the two known lake eruptions will be the only cases of lake eruptions.
Possible Ocean Eruptions
Although no one has observed or witnessed them yet, ocean eruptions have been hypothesized (Ryskin 2003 , Zhang 2003 . Enormous amounts of CH 4 are present in marine sediment in the forms of methane hydrate, methane gas, and dissolved methane in pore water (Kvenvolden 1988 (Kvenvolden , 1998 Sloan 1990; Buffet 2000) . The stability of the various forms of CH 4 can change when certain external conditions change, such as a rise in bottom water temperature (Dickens et al. 1995; Kennett et al. 2002 ), a drop in sea level (Paull et al. 1991) , or a landslide or faulting (Bugge et al. 1987 , Maslin et al. 1998 , Rothwell et al. 1998 . Such changes may cause a sudden conversion of methane hydrate to methane gas, generating overpressure in the gas-charged sediment and the eventual burst of methane gas. If a burst or other disturbance releases a large amount of CH 4 to seawater, either as gas or as hydrate that converts to gas, the gas could drive an eruption that in many ways is similar to a lake eruption. This methane-driven water eruption, not a fluidized sediment eruption, is referred to as an ocean eruption in this review. Ocean eruptions may provide a pathway for CH 4 in marine sediment to rapidly pass through the ocean water column to enter the atmosphere as a greenhouse gas.
Other Types of Eruptions
Other types of gas-driven eruptions have also been hypothesized. Crawford & Stevenson (1988) postulated that on the Jupiter satellite Europa, the temperaturedepth profile is such that water at the surface is frozen but at depth can be liquid. In liquid water, carbon dioxide and other gases may be dissolved. This situation is similar to hydrous magma at depth in the Earth. As liquid water rises through a rock column, gas oversaturation would occur, leading to bubble nucleation and growth, volume expansion of the gas-liquid mixture, and finally eruption through the solid conduit. This type of eruption has been referred to as cryovolcanism. Other possible types of gas-driven eruptions include eruptions of sulfurous magmas, as well as nitrogen-, ammonia-, and carbon dioxide-based magmas for outer Solar System satellites (Frankel 1996) . Chivas et al. (1987) hypothesized that naturally occurring highly compressed volcanic CO 2 at depth may be a major contributor to phreatic volcanic eruptions and maar formation.
Review Outline
In this review, we discuss experimental simulations of gas-driven eruptions and then focus on lake eruptions, including the dynamics, possible triggering mechanisms, and mitigation of the dangers. We then focus on possible ocean eruptions and dynamics. Other types of eruptions possibly occurring in outer Solar System satellites are not covered. As the title of this review implies, explosive volcanic eruptions powered by dissolved H 2 O and CO 2 in magma, for which a huge literature is already available, are not covered.
Experimental Simulations of Gas-Driven Eruptions
Only part of the eruption process, i.e., the part above the surface, is easily observable. The processes below the surface are critical to understanding how an eruption initiates and proceeds, and how the exit velocity is reached. To understand the processes below the surface, theoretical models, numerical simulations, and experimental simulations using analog systems have been developed. Analog experimental simulations can simulate the full process, including bubble nucleation and growth, upward motion of the bubbly liquid, and heterogeneity of the flow, and can be used to verify theoretical models. Experimental simulations include work on CO 2 -water systems, on gum rosin-acetone systems (Phillips et al. 1995) , and on hydrovolcanic systems (Zimanowski et al. 1997) . Below, the focus is on CO 2 -water systems because it is the most relevant to lake and ocean eruptions.
The pioneer of analog experimental simulations of gas-driven eruptions was an aeronautical engineer at the California Institute of Technology, Brad Sturtevant, who unfortunately died at a relatively young age in 2000 (Zhang et al. 2002) . Experimental simulations have progressed from simple to more complicated and realistic. In the earlier years, shock wave experiments were carried out by suddenly decompressing a high-pressure gas (Shepherd & Sturtevant 1982 , Kieffer & Sturtevant 1984 , and the dynamics of the shock wave were investigated. Later experiments used a onecomponent system that was initially liquid and then was suddenly decompressed into a gas to generate an evaporation wave (Hill & Sturtevant 1990) .
In a gas-driven eruption, however, there are at least two components: one is liquid and stays as a liquid, and one is a gas component that initially is dissolved in the liquid but later exsolves to a gas phase. Realizing this, two groups collaborated with Sturtevant and carried out experimental simulations using two-phase (gas-liquid) binary systems. In one experimental approach, water with high dissolved content of CO 2 in a test cell was suddenly decompressed, leading to CO 2 supersaturation, bubble nucleation and growth, volume expansion, and eruption (Zhang et al. 1992 Mader et al. 1994 Mader et al. , 1997 Zhang 1998) . In another approach, a K 2 CO 3 solution was injected as jets into an HCl solution in a test cell, leading to the formation of high CO 2 concentrations, supersaturation, and eruption (Mader et al. 1994 (Mader et al. , 1996 .
One kind of experimental apparatus is shown in Figure 2 . It consists of a small glass test cell and a large tank separated by an aluminum diaphragm. The test cell may be either a cylinder with ID = 25 mm and variable lengths or a flask-shaped cell (Mader et al. 1997 , Zhang 1998 . To examine the effect of viscosity, polymers were added to the water to increase solution viscosity. Prior to an experiment, the test cell housed CO 2 -saturated liquid at pressures of several atmospheres. The tank could be evacuated to a desired pressure below one atmosphere. An experiment was initiated as a pneumatically driven knife in the large tank came down to cut the diaphragm. The process was recorded on high-speed film Apparatus for experimental simulation of gas-driven eruptions (from Zhang et al. 1997 , Zhang 1998 (usually 4000 frames per second). The pictures reveal visually and in detail the processes of the gas-driven eruption. Sequences of chosen frames for some simulated eruptions can be seen in Zhang et al. (1997) . Two motion pictures can be found by following the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org.
By analyzing the films frame by frame, bubble nucleation was found to be rapid, with a typical incubation time of a couple of milliseconds. Most bubbles nucleate in the first wave of nucleation, lasting a few milliseconds. Few bubbles form later. The motion of the eruption front in the test cell is characterized by a constant acceleration. Bubbles grow to millimeter size in the order of 10 milliseconds.
Another type of experimental apparatus is used by the Bristol group (Mader et al. 1994 (Mader et al. , 1996 . It consists of a glass test cell (ID = 37 mm) connected to a large reservoir. Inside the test cell there is an injector unit with 96 injection holes that can be shut or open. Prior to an experiment, an HCl solution is fed into the test cell, and a K 2 CO 3 solution is fed inside the injector. An experiment is initiated by opening the holes, and 96 turbulent jets of K 2 CO 3 solution are injected into HCl solution. The mixing and reaction between HCl and K 2 CO 3 generates molecular CO 2 , resulting in gas supersaturation and leading to violent eruption. Because of the heterogeneous distribution of K 2 CO 3 , the resulting flow is also spatially heterogeneous. Frameby-frame analyses show that bubble nucleation is rapid. The eruption front motion is characterized by an acceleration that increases with time, rather than a constant acceleration as in the first class of experiments.
The above experiments differ from natural eruptions in detail. Compared to explosive volcanic eruptions, driving mechanisms are similar (volume expansion drives up bubbly liquid within a solid conduit), but the material properties are very different. In the experiments, water is a low-viscosity liquid. Even by adding a polymer to increase its viscosity, the viscosity is still many orders of magnitude less than that of hydrous silicic magma. Compared to lake eruptions, material properties are similar, but the driving mechanisms are different. In the experiments, volume expansion drives the bubbly liquid up the solid test cell, but in lake eruptions, there is no fixed solid conduit, and buoyancy drives up the less-dense bubbly liquid. The experiments are actually most similar to human-controlled degassing of the lakes (see later discussion).
These experiments clearly showed that dissolved CO 2 can drive eruptions, which was a critical step in understanding lake eruptions. Rapid bubble nucleation and growth rates in the experiments may be used to argue that there is quasi-equilibrium between gas phase and liquid phase during lake eruptions, another critical step in modeling the dynamics of lake eruptions. On the other hand, application of the dynamic data from small-scale experiments to large-scale gas-driven eruptions requires consideration of scaling and dynamic similarity. However, no scaling relationships have been established for rapidly degassing bubbly liquids. Hence, models still must be developed to understand the various kinetic and dynamic processes of lake eruptions.
LAKE ERUPTIONS

Local Geology and Background
Lakes Nyos and Monoun lie on the Cameroon Volcanic Line, an intraplate alkaline volcanic chain extending 1600 km from the African continental interior into the oceans to the island of Annobon (Barfod et al. 1999 ). The lakes are maars , and Lake Nyos covers an area of approximately 1.5 km 2 and has a maximum depth of ∼210 m. Lake Monoun is smaller, with a maximum depth of ∼99 m. The region has been volcanically active for many million years, and Mount Cameroon near the center of the chain erupted several times in the past century (Fitton 1987) and as recently as 2000. The region is known by geologists for CO 2 -charged, slightly thermal soda springs (Tanyileke et al. 1996) , a common feature of volcanic areas, and the CO 2 comes from magma at depth by percolation through the overlying rocks. For example, magmatic CO 2 emission has been documented at Mammoth Mountain of California (Farrar et al. 1995) .
When upward-migrating magmatic CO 2 reaches Earth's surface, it dissolves in local groundwater and enters the bottom of a lake. The solubility of CO 2 in water has been studied experimentally and is well-known. It increases with increasing pressure and decreases with increasing temperature. At 25 • C, the solubility of CO 2 in water (Figure 3 ; Murray & Riley 1971; Weiss 1974; Wilhelm et al. 1977; Weast 1983 ) is 0.15 wt% at 0.1 MPa, 1.5 wt% at 1 MPa, 1.6 wt% at 1.1 MPa (pressure at the bottom of Lake Monoun), and 3.1 wt% at 2.1 MPa (pressure at the bottom of Lake Nyos).
Solution of CO 2 increases the density of water (Figure 4 ) and tends to stabilize the CO 2 -bearing layer at depth. As CO 2 concentration increases, the water density increases, which promotes a larger density gradient between overlying, CO 2 -poor water. Thus, independent of density differences caused by temperature or dissolved salts, a lake can become stably stratified by CO 2 additions alone.
The gas content in Lakes Nyos and Monoun has been monitored since their eruptions (Kling et al. , 2005 Kusakabe et al. 2000) . Both lakes contain high Because of the presence of other gases (mostly CH 4 ), the concentration of CO 2 at gas saturation is smaller than indicated. Solubility data and model are from Murray & Riley (1971) , Weiss (1974), Wilhelm et al. (1977) and Weast (1983) . Sum and partial pressures of dissolved CO 2 , CH 4 , and N 2 in water of Lake Nyos, January 2003. The hydrostatic line includes atmospheric pressure and represents the saturation level. (Data from W.C. Evans and G. Kling.) concentrations of CO 2 , up to 0.375 mol/kg in Nyos and 0.159 mol/kg in Monoun. In addition to CO 2 , there are minor amounts of CH 4 and N 2 (approximately 1.8% and 0.1% of total dissolved gas, respectively), but because CH 4 is so insoluble, it alone contributes up to 27% of the total gas pressure at the lake bottom ( Figure 5) . The dissolved gas pressures increase with depth ( Figure 5) and have increased over time (Kling et al. , 2005 (Kling et al. 2005) . This trajectory of gas increases is alarming, and at present both lakes contain more CO 2 than was likely released during the 1980s disasters-thus, the continued efforts of degassing are imperative. A stably stratified lake may erupt under at least two scenarios. One is when CO 2 concentrations in bottom water become sufficiently supersaturated, leading to nucleation and growth of bubbles. The bulk density of bubbly water is roughly the density of CO 2 saturated water times (1-F) where F is the volume fraction of bubbles. For example, Lake Nyos bottom water density at CO 2 saturation would be approximately 1005 kg/m 3 . With about 1 vol% of bubbles, the density of the bubbly water would decrease to 995 kg/m 3 , lower than bubble-free water at any depth in the lake. At some value of F the bottom water would become unstable and the bubbly water would rise buoyantly. As it rises, the surrounding pressure becomes less and bubbles increase in number and expand. The density decreases further and the bubbly water rises with increasing speed. Therefore, the eruption is a strongly positive-feedback process. At some point, the water film on bubble walls ruptures and the flow fragments into a gas flow carrying water droplets. As the flow exits the lake surface, larger droplets rain down near the eruption vent and finer droplets are carried further away, similar to the mist observed by survivors of the Nyos and Monoun disasters. Because of its high density, the erupting CO 2 -water mixture would eventually collapse down to the surface, forming an ambioructic flow.
The second scenario leading to a lake eruption is through perturbation of undersaturated bottom water. The perturbation may be caused by any input of energy that moves deeper, undersaturated water upward in the water column to the point of supersaturation. This energy input may come in many different forms, such as an internal wave, a landslide into lake bottom, density currents of cold water, an earthquake, or volcanic or hydrothermal injections into the bottom of the system (Kling 1987; Kling et al. 1987) . The triggering mechanism is important to the specific eruptions, but not to the general understanding of lake eruptions because the trigger may differ from one eruption to another. Furthermore, even without any trigger, eruptions can still happen as long as there is enough oversaturation. Both Zhang (1996) and Woods & Phillips (1999) modeled lake eruption by simply allowing lake water to reach oversaturation.
CO 2 Bubble Growth and Ascent in Lake Water
Many processes are happening at the same time during a lake eruption. Essential component processes in lake eruptions include bubble nucleation and bubble growth because volume expansion owing to gas exsolution leads to buoyancy and ascent of bubbly water. Bubble nucleation in lake water is not quantitatively understood. Because lake water is not free of particles, it is expected that nucleation is heterogeneous and is relatively easy. Nevertheless, quantification of the number density of bubbles (number of bubbles per unit volume of liquid) as a function of time and other parameters (such as degree of oversaturation) has not been carried out. Growth of a single rising bubble can be modeled using a recently developed theory (Kerr 1995 , Zhang & Xu 2003 , Zhang 2005 . The theory is able to calculate the convective growth or dissolution of a rising or falling crystal/droplet/bubble without any free parameters, and has been verified by laboratory experimental data (Zhang & Xu 2003) and in situ experimental data on CO 2 droplet dissolution in ocean water at 800 to 400 m depth (Brewer et al. 2002) modeled by Zhang (2005) . The required input parameters include the solubility and diffusivity of the component in water. Calculated bubble growth rate is shown in Figure 6 (as a function of depth and CO 2 content). At shallow depths, bubble growth rate is often greater than 1 mm/s (depending on the saturation pressure). Even at a depth of 150 m, the growth rate is still 0.05 mm/s for a saturation depth of 208 m, meaning that within 10 s the bubble radius would be 0.5 mm. The high bubble growth rate means that the gas phase and liquid phase may be close to equilibrium. The dynamics of the controlled degassing of Lake Nyos (to be discussed later) also supports the idea that the degassing process is close to equilibrium. Calculated growth rate at 22 • C for a rising bubble as a function of depth (pressure), initial bubble size (a 0 ), and the dissolved CO 2 content (in terms of CO 2 partial pressure). (a) Convective bubble growth rate as a function of depth for two different bubble sizes when the dissolved CO 2 partial pressure is 2.2 MPa. It can be seen that the bubble growth rate only weakly depends on the bubble size. (b) Convective bubble growth rate as a function of depth for five different dissolved CO 2 contents (corresponding to partial pressure of 2.2, 1.5, 1.0, 0.5, and 0.2 MPa). Negative growth rate means that the bubble dissolves.
Dynamics of Underwater Bubble Plumes
The dynamics of lake eruptions can be divided into two stages, one is below the lake surface (underwater bubble plume) and one is above the lake surface (eruption column in air). In this section, we discuss the dynamics of underwater bubble plumes. Two semiquantitative models are available in the literature: one is based on the energetics of CO 2 exsolution from water (Zhang 1996) and the other examines whether a small CO 2 flux to the bottom of the lake can be amplified to a large flux similar to that in a lake eruption (Woods & Phillips 1999) .
Ostwald solubility coefficient, λ: λ = C liq /C gas , where C liq is the concentration of dissolved gas component in the liquid and C gas is the concentration of the same gas component in the gas phase. The unit of the two concentrations (either mol/m 3 or kg/m 3 ) must be the same so that λ is dimensionless Woods & Phillips (1999) examined the motion of turbulent bubble plumes within lakes containing large quantities of CO 2 , such as Lake Nyos. They proposed a model and showed that for a sufficient amount of CO 2 in the lake or a sufficient flux of CO 2 at the base of the lake, a turbulent bubble plume can rise through the lake and erupt at the surface. Owing to the rapid entrainment of ambient water that contains CO 2 , the surface flux of CO 2 may be 10 4 -10 5 times greater than that at the base of the lake. The return flow in the lake acts to decrease the CO 2 content at all depths of the lake above the plume initiation, and this eventually leads to the termination of the eruption.
A brief summary of the model by Zhang (1996) follows. By ignoring surrounding water entrainment and by treating the two-phase (bubble-water) flow as an effective one-phase flow (the uncertainty introduced by this is small because rising bubble velocity is small), the flow can be described by the Bernoulli equation:
where P is pressure, ρ mix is the density of the bubble-water mixture, g is acceleration owing to Earth's gravity, z is vertical distance measured from the depth where the eruption starts, and u is the ascent velocity. Because there is no interface between the erupting flow and the ambient water, the relation between P and depth h is simple:
where P atm is the atmospheric pressure at lake surface, ρ w is density of water, and h is depth. If initially (i.e., at pressure P 0 ) there was no gas phase, and assuming equilibrium between the gas phase and liquid phase, the relation between ρ mix and P is
where λ is the Ostwald solubility coefficient for CO 2 in water and is roughly 0.87 at 23 • C (Wilhelm et al. 1977) . Replacing Equation 3 into Equation 1 and integrating leads to
For example, assuming oversaturation occurred at the bottom of Lake Nyos with P 0 = 2.14 MPa, as the flow exits the lake surface (P = 0.088 MPa), the velocity obtained using the above equation is u = 91 m/s. If some gas pressure is contributed by CH 4 and air, because their concentration is small (λ is small), their contribution to the eruption velocity is also small. A more accurate account of a two-component gas mixture can be found in Zhang (2000) . A rough treatment of such cases is to replace P 0 by the initial CO 2 pressure (or reduce the value of λ) in Equation 6, leading to a lower eruption velocity. Direct measurements indicate that up to 29.5% of the gas pressure in Lake Nyos is due to other gases (Figure 5) . Assuming oversaturation occurred at lake bottom, the eruption velocity obtained for Lake Nyos using the energy equation is 71 m/s. At this exit velocity, the plume would be able to rise to a height of ∼250 m. The eruption column height is estimated to be from 80 to 120 m for the 1986 Lake Nyos eruption, based on shoreline erosion and the distribution of dead animals , Sigvaldason 1989 , which implies an exit velocity of 48 m/s for the 120 m column. The difference between 71 m/s and 48 m/s may be attributed to the following: (a) the velocity given by Equation 4 is the maximum eruption velocity, and the actual velocity may be significantly lower because of entrainment of surrounding water, (b) the true eruption column height was greater than the range of heights inferred, (c) the initial saturation depth was significantly less than 208 m, or (d) a combination of these factors.
In the semiquantitative treatment of the dynamics of lake eruptions by Zhang (1996) , the entrainment of surrounding water is ignored. Furthermore, the process is assumed to be reversible (i.e., the gas phase and the liquid phase are always at equilibrium). Bubble growth calculations in the previous section and discussion on controlled degassing in a later section show that the assumption of equilibrium between the gas and liquid phases is not far off. On the other hand, ignoring the entrainment of surrounding water may produce a significant error.
A more realistic treatment is to use a bubble plume model to approximate lake eruptions. Plume models have been developed (e.g., Morton 1956 , Milgram 1983 , Turner 1986 ) and applied to volcanic plumes (e.g., Walker et al. 1971; Wilson 1972 Wilson , 1976 Wilson et al. 1978 Wilson et al. , 1980 Kieffer 1984; Turner 1986; Woods 1988 Woods , 1995 Sparks et al. 1997; Clarke et al. 2002) . However, they have not been applied to lake eruptions. Below, the bubble plume model of Milgram (1983) is adapted to lake eruptions by considering the exsolution of CO 2 from water in the plume.
1. Because of turbulence, the velocity field is very complicated. However, at a scale much larger than turbulent cells, the flow has a mean forward (upward) velocity (which differs from local upward or downward velocities), and other mean properties of the flow may be used. For simplicity and also for understanding the important properties, in treating a rising plume only the mean flow is considered. Entrainment of surrounding water affects the dynamics significantly and is treated empirically. The mean flow is treated as upward and described in a cylindrical system in which the upward direction is z. 2. In a horizontal cross-section of the upward flow, the flow velocity of the bubble plume in lake eruptions is assumed to be a Gaussian distribution (Milgram 1983) . That is, the flow velocity is greatest at the center and decreases away from the center:
where U is the flow velocity at the centerline of the plume and is a function of z, b (also a function of z) may be viewed as the effective radius of the plume. The vesicularity distribution is also assumed to be Gaussian:
where is the vesicularity at the centerline and is a function of z, β is a dimensionless number and is not necessarily 1. Experience shows that β is typically 0.80 ± 0.15 (Milgram 1983) . The density can be found as
For lake eruptions, temperature is assumed to be uniform and constant (i.e., ignoring the cooling effect of gas exsolution in the water-gas system because the temperature drop for an adiabatic rise of the two-phase fluid is 3 to 4 K (Zhang 2000) .
3. The liquid volume flux and gas volume flux are treated separately. The liquid volume flux (Q liq , in m 3 /s) is as follows:
In the above equation, the first equality is definition, and the second equality is obtained by inserting the expressions of u and φ and then integrating. The liquid mass flux equals ρ liq Q liq . The gas volume flux (Q gas , in m 3 /s) is as follows:
where u b is the bubble slip velocity (ascent velocity of bubbles relative to liquid) and depends on bubble size. If the bubble volume is 20 mm 3 , u b ≈ 0.23 m/s; if bubble volume is 33,000 mm 3 (nonspherical bubble), u b ≈ 0.45 m/s (Tsuchiya et al. 1997) . Such small relative motion is ignored and the gas and liquid flow velocities are treated to be identical (although the equations below still carry u b ). The gas mass flux equals ρ gas Q gas, where ρ gas is approximately P/(RT ). For CO 2 gas, R = 188.9 J · kg −1 · K −1 ; for CH 4 gas, R = 518.3 J · kg −1 · K −1 . The total volume flux is Q liq + Q gas . The total mass flux is
4. The momentum flux of the mean flow is
Because there are eddies, the total momentum flux (which includes the turbulent momentum flux) is different. Only the total momentum flux is related to the total buoyancy. The total momentum flux is empirically calculated as
where γ is called the momentum amplification factor. In this simple treatment, a limiting value of 1.1 is used and its variation (Milgram 1983 ) is ignored. Carrying out the integration leads to
5. The total buoyancy is:
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7. Conservation of liquid. Because entrainment increases the amount of liquid in the plume, the volume flux of liquid increases as a plume rises. The entrainment of surrounding liquid is assumed to be proportional to the centerline flow velocity and the effective perimeter (2πb) of the plume as follows:
where ε is the entrainment coefficient. Although a more advanced expression of ε is available (Milgram 1983 ), a typical value of 0.1 is taken in this study for simplicity.
8. Conservation of gas. Without gas exsolution or dissolution, P gas Q gas would be independent of z. There would be CO 2 exsolution from the initial water parcel that was oversaturated at depth. For the entrained water, it would likely first absorb some CO 2 because it is less saturated, but would then exsolve CO 2 at shallow depths. For simplicity, it is assumed that entrained water does not exsolve or absorb any gas (i.e., assuming the entrained shallow water would affect the upward velocity and mass flux but not participate in the gas-liquid equilibrium). With the assumption, the calculated exit velocity is a minimum because exsolution of gas at shallow depths is ignored. The expression of Q gas is
where Q gas (0) is the initial gas volume flux (when P = P 0 ), Q liq (0) is the initial liquid volume flux, λ is the Ostwald solubility coefficient (0.87 for CO 2 in water at 296 K; Wilhelm et al. 1977) , and P 0 is the saturation pressure of the gas in the initial liquid.
Given the above set of equations and approximations, the plume eruption dynamics may be solved numerically. Figure 7 shows plume centerline velocity calculated for various initial plume radius b 0 . As b 0 increases to 10 km, the centerline velocity approaches the maximum velocity obtained by Zhang (1996) . Because Lake Nyos surface area is almost 2 km long but less than 1 km wide, and the lake narrows with depth, b 0 may not exceed ∼500 m. Based on the localized nature of the eruption, a b 0 of the order 100 m is assumed, which would produce an exit centerline velocity of ∼45 m/s. This is likely the minimum exit velocity.
In summary, results from our new model based on the adaptation of the bubble plume model of Milgram (1983) show that CO 2 -driven eruptions can be violent, in qualitative agreement with results from the dynamic models of Zhang (1996) and Woods & Phillips (1999) . The predicted exit velocity based on the more realistic bubble plume theory is smaller by about a factor of 2 than the prediction in Zhang (1996) . True exit velocity may lie in between these two predicted velocities. Calculated plume centerline velocity as a function of depth for Lake Nyos assuming CO 2 is saturated in bottom water. The blue curves are for different initial plume radius, and the purple dashed curve is from the semiquantitative model of Zhang (1996) .
Dynamics of Eruption Column in Air
After exiting the lake surface, the eruption column might be either a water eruption column carrying bubbles or a CO 2 gas plume carrying water droplets, depending on the extent of bubble fragmentation. To the first order, the relative motion between the two phases may be ignored. Because CO 2 gas is denser than air, the gas plume would reach a maximum height and eventually collapse. Zhang (2004) used a plume model and numerically calculated the maximum eruption height. When the exit plume radius b is greater than 1 m, the eruption height can be estimated by treating the plume as a particle with H = u 2 /(2g), where u is the exit velocity. For example, a 45 m/s exit velocity would lead to an average height of 103 m. The center part would rise to a greater maximum height than the rim of the plume owing to larger center velocity.
Dynamics of Degassing Lake Monoun and Lake Nyos
Because the CO 2 content in bottom water of Lakes Nyos and Monoun increased continuously after the two lakes erupted in the 1980s, there is the danger for them to erupt again. Fortunately, with an understanding of the eruption mechanism, scientists and engineers have designed methods to degas the lakes slowly to prevent future eruptions. Halbwachs et al. (2004) reviewed the technical aspects of degassing Lakes Nyos and Monoun, and Kling et al. (2005) presented changes in gas content, lake stability, and predictions for future hazards given various degassing scenarios. The method of degassing is a controlled, small-scale eruption where the CO 2 released dissipates in the atmosphere without forming an ambioructic density flow. The basic design consists of a vertical pipe from the lake bottom to the surface. A small pump, operating close to the top of the pipe, raises the water in the pipe up to a level where it www.annualreviews.org • Lake Eruptions
Figure 8
Eruption jet of Lake Nyos in 2001.
becomes saturated with gas, thus leading to bubble formation and buoyant rise of the two-phase fluid plume with increasing velocity toward the surface. Once the process starts, it sustains itself as long as the gas pressure at the pipe inlet is high enough to provide the exsolution energy to lift water from the level of pump lift. The feasibility of degassing by this method was demonstrated for Lake Monoun in 1992 and for Lake Nyos in 1995, and operational degassing pipes were installed in Lake Nyos in 2001 and in Lake Monoun in 2003 (Halbwachs et al. 2004 , Kling et al. 2005 . The eruption jet for Lake Nyos degassing is shown in Figure 8 , and the full strength eruption jet is about 50 m high. The eruption column height of 50 m for pipe degassing is much smaller than the inferred eruption column height during the 1986 Lake Nyos eruption.
The dynamics of pipe degassing are different from the dynamics of lake eruptions because the introduction of pipes provides a fixed eruption conduit, resulting in the dynamics of pipe degassing being similar to those of an explosive volcanic eruption. First, with a fixed conduit, there is no entrainment of surrounding water. Second, the speed of a compressible fluid flow constrained by a constant-radius conduit cannot exceed the sound speed of the fluid (i.e., gas-liquid mixture), and is often the same as the sound speed when the initial gas content is high (meaning that there is enough energy to produce a much higher speed). For example, explosive volcanic eruption velocity is often regarded to be the same as the sound speed of a gas-magma mixture (e.g., Woods 1995) . The general equation for estimating the sound speed of a twophase mixture is as follows (Mastin 1995) :
where u s is the sound speed, B is the bulk modulus (or 1 over the compressibility), and φ is the volume fraction of the gas phase (vesicularity). For an ideal gas, B gas = P gas . For water, B liq is very large (about 2.2 GPa). With φB liq (1 − φ)B gas , the above equation can be simplified to
For Lake Nyos degassing with P 0 = 1.24 MPa (this is the maximum P CO 2 measured ∼1 month before the degassing operation at the depth of the pipe inlet), P = 0.088 MPa (for Lake Nyos surface), and λ = 0.87, if equilibrium were reached, then using Equation 3, it is derived that ρ mix = 0.08ρ liq , which is the minimum density that can be reached. The calculated sound speed using Equation 19 is 35 m/s, which would be the maximum eruption velocity as the flow exits the pipe. With this initial velocity, the eruption column height would be about u 2 /(2g) = 62 m. Halbwachs et al. (2004) reported the observed density of the discharge fluid, the discharge rate, and the eruption height. The observed density of the discharge fluid is about 0.1ρ liq , which is slightly above the minimum density as expected. Hence the assumption of perfect equilibrium is not far off. From the density of the mixture, it can be found that φ ≈ 0.9 and the respective sound speed is 31 m/s. At this speed, the column would rise to a height of ∼50 m, consistent with observations. (This velocity would imply a water discharge rate of 0.05 m 3 /s; the reported water discharge rate of 0.07 m 3 /s seems to be slightly too high.)
In summary, the theoretical analysis of pipe degassing dynamics is for the most part consistent with observed eruption data. The controlled pipe degassing process is not far from equilibrium, and the exit eruption velocity does not differ much from the sound speed.
Other Lakes
One may wonder whether a specific lake may erupt in the future. Five conditions must be met for a violent lake eruption to occur. One is that the lake must be deep; for example, a lake 10 m deep would have no ability to store large amounts of gas and thus no potential to erupt violently, and this potential would increase as lake depth increases. The second condition is a continuous source of gas supplied to the bottom of the lake so that bottom water gradually becomes saturated. The third is that the gas supplied into the bottom water must have a high solubility because the erupting energy is proportional to the solubility coefficient (solubility at a specific pressure) according to Equation 4. The greater the solubility coefficient, the more violent the eruption can be. For example, the solubility coefficient of CO 2 in water is 45 times that of air and 26 times that of CH 4 . Therefore, energy obtained from the exsolution of air from water (or methane from water) would be less than that obtained from the exsolution of CO 2 from water by the appropriate factor. The fourth is that the gas must accumulate in the bottom waters. That is, the surface and bottom water of the lake must not mix for periods long enough for gas to accumulate to dangerous amounts. Unless stabilized by high salt content in bottom waters, most lakes mix every year owing to the sinking of surface water as the surface temperature cools in autumn or winter, and thus the lake would regularly release any inputs of gas to the atmosphere. The fifth is that the dissolution of gas must increase the density of water. Otherwise, the gas dissolution would lead to decreased density and buoyant rise of the water causing mixing and the loss of gas from the lake. These conditions mean that gas-driven lake eruptions are most likely to occur in deep equatorial lakes near volcanic zones. For example, bottom water from deep Crater Lake and Lake Tahoe was collected some years ago, and no high concentrations of CO 2 were found.
The third lake known to contain high concentrations of gas is Lake Kivu, Africa, which covers an area of 2700 km 2 with an average depth of 220 m and a maximum depth of 475 m. As reported in Schmid et al. (2002 Schmid et al. ( /2003 Schmid et al. ( ), in 1975 it contained about 250 km 3 CO 2 and 55 km 3 CH 4 at standard temperature (273.15 K) and pressure (1 atm). Near the maximum depth, where the hydrostatic pressure is about 4.7 MPa, CH 4 partial pressure was about 1.4 MPa and CO 2 partial pressure was about 0.4 MPa (Schmid et al. 2002 (Schmid et al. /2003 . It is unclear how much the gas contents have increased since 1975. Because it is still far from saturation, small perturbations would not be able to trigger a lake eruption. Furthermore, even though the total gas pressure is about the same as that of Lake Nyos in 2001, the total gas concentration (in mol/L) in the bottom water of Lake Kivu is only about one fourth of that of Lake Nyos because most of the gas pressure is due to CH 4 . Hence it is expected that even if an eruption were triggered, it may not be as violent as the eruption of Lake Nyos. Using a numerical scheme (Zhang 2000) to integrate the Bernoulli equation as the two gas components CO 2 and CH 4 exsolve from water, the maximum eruption velocity would be only 23 m/s. Because of shallow water entrainment, the actual eruption velocity would be less than 23 m/s. Although the eruption velocity may be lower than in Lake Nyos, there is a tremendous amount of gas contained in Lake Kivu and there are several million people living close to the lake in the surrounding basin that could be affected by a gas release.
CARBON SEQUESTRATION BY INJECTING LIQUID CO 2 INTO OCEANS
Anthropogenic activities have significantly increased the atmospheric content of CO 2 , a main greenhouse gas. To mitigate this increase, one idea is to sequester CO 2 by injecting liquid CO 2 into oceans. At less than 2000 mbsl (meters below sea level), CO 2 liquid is less dense than seawater and would rise. Because seawater is undersaturated with respect to liquid CO 2 , the droplets also dissolve as they rise. Brewer et al. (2002) carried out in situ experiments, measuring the rise and dissolution of two CO 2 droplets with initial radius of 4.5 mm as they rise from about 800 mbsl to about 400 mbsl. Figure 9 shows that a recently developed theory (Zhang & Xu 2003) is able to predict the dissolution of CO 2 droplets without any free parameters (Zhang 2005) . Therefore, the dissolution trajectory of CO 2 droplets can be calculated at any depth and temperature in the oceans. Calculation shows that a CO 2 droplet with a radius of 5 mm is able to survive a 400-m seawater column (depending slightly on temperature and initial depth). Larger droplets can survive longer travel through a water column. 
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Dissolution of rising CO 2 droplets in the ocean
Figure 9
Comparison of experimental data (Brewer et al. 2002) for the dissolution of two rising CO 2 liquid droplets, droplet 1 starting at 804.5 m depth (blue solid circles), and droplet 2 starting at 649.1 m depth (purple open circles), with calculated curves (blue solid curve for droplet 1 and purple dashed curve for droplet 2). Directly measured temperature-depth relation is used in calculating the density and solubility of CO 2 droplets. The effect of salts on the calculation has been accounted for. From Zhang (2005) with correction of one data point.
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If CO 2 droplets rise to a shallow level where CO 2 gas is more stable than liquid (about 400 mbsl, depending on seawater temperature), CO 2 liquid converts to gaseous CO 2 . If the amount of gas is small and not concentrated, bubbles would rise and dissolve in seawater. If a large amount of concentrated CO 2 gas is formed at this depth, the gas-bearing water might rise as a CO 2 bubble plume to reach the atmosphere, and thus defeat the purpose of carbon sequestration. Furthermore, the CO 2 bubble plume might erupt violently if the amount of CO 2 is high, similar to a lake eruption reviewed above. In designing injection schemes, it is important to avoid such consequences. One method would be to inject CO 2 to a depth of 3000 mbsl. Then CO 2 liquid would be denser than seawater, and would sink and dissolve. The environmental consequences of dissolved CO 2 must also be evaluated, but it is outside the scope of this review.
POSSIBLE METHANE-DRIVEN OCEAN ERUPTIONS AND DYNAMICS
Methane Hydrate and Gas in Marine Sediment and Phase Relations
The properties of methane hydrate have been reviewed by Buffet (2000) . CH 4 in marine sediment may be in the forms of methane hydrate, free methane gas, and dissolved CH 4 in pore water. The amount of CH 4 in hydrate is uncertain but huge. Kvenvolden (1988) estimated that 2 × 10 16 kg of carbon are in the form of methane hydrate, indicating that methane hydrate and gas in marine sediment is the largest hydrocarbon reservoir on Earth. The huge amount of CH 4 in marine sediment, if released to the atmosphere, would cause major and rapid global warming. It is also hypothesized that rapid release of CH 4 could lead to oceanic eruptions and mass extinctions (Ryskin 2003 , Zhang 2003 . Because δ 13 C in various forms of CH 4 is much lower than δ 13 C in carbonate in seawater and CO 2 in the atmosphere, the release of a large amount of methane can be and has been inferred from negative δ 13 C excursions in sedimentary records (e.g., Dickens et al. 1995 , Kennett et al. 2002 .
To understand the complicated kinetic and dynamic behavior of CH 4 in the ocean environment, it is critical to first understand the phase equilibrium in the CH 4 -H 2 O system. A typical CH 4 -H 2 O phase diagram in an ocean environment along a hydrotherm and geotherm is shown in Figure 10 . In very shallow seawater, methane hydrate is not stable owing to low ambient pressure. Starting from about 500 mbsl to about 450 m below the sea floor (both values depending on the local temperature), methane hydrate is stable as long as CH 4 concentration is high. At depths greater than 450 m below the sea floor, methane hydrate is not stable owing to high temperature, and some CH 4 would be present in the gas phase (as bubbles). The presence of a gas-methane boundary in marine sediment means that if the geotherm is suddenly elevated, a large amount of methane hydrate may rapidly convert to methane gas, leading to increased pressure and gas bursts. Such gas bursts may result in mud volcanoes (e.g., Hedberg 1974 , Lance et al. 1998 , Aloisi et al. 2000 , Milkov 2000, Kopf et al. 2001 ). According to the phase diagram for CH 4 -H 2 O system (Figure 10) , methane gas would convert to methane hydrate in the sediment column or upon reaching the sea floor (>530 mbsl). In the sediment column, if pore water is already saturated with CH 4 , methane gas bubbles would first react with water to form a hydrate shell, and the shell thickness would gradually grow to convert the entire bubble into hydrate. In the water column, or when pore water is undersaturated with CH 4 , methane bubbles would also first react with water to form a hydrate shell. The hydrate shell would dissolve on the outer surface and grow on the inner surface, so that there would be a delicate dynamic balance that leads to a steady-state shell thickness. This thickness depends on the dissolution regime (such as diffusive dissolution versus convective dissolution of a rising shelled bubble), and the theory for estimating such thickness is being developed (Gabitto & Tsouris 2005) .
Kinetics and Dynamics of Methane Hydrate Dissolution and Dissociation
Methane hydrate and methane bubbles may be released to the ocean water column owing to either gas bursts, mega-landslides, or other processes. Once methane hydrate crystals and methane gas bubbles are released to the water column, because they are less dense than seawater, they would rise and dissolve in water. As shown by the CH 4 -H 2 O phase diagram (Figure 10) , the behavior depends on the sea floor depth. If the sea floor depth is less than 530 mbsl, then only methane gas is stable in the water column and the sediment column (Figure 11) , and released methane gas would rise as streams of bubbles or as a bubble plume if both the number density and the total number of bubbles are large. The dynamics of such a bubble plume may be modeled in a similar fashion as CO 2 bubble plumes in lake eruptions (see below). If the sea floor depth is greater than 530 mbsl, then on the sea floor and its adjacent water and sediment column, methane hydrate is stable. Released methane hydrate would stay as hydrate and would rise and dissolve in the water column. Released methane gas bubbles would react with seawater to form a hydrate shell and would 
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Figure 11
A phase diagram of the CH 4 -H 2 O system in the oceanic environment for a water depth of 500 m. The dashed horizontal line marks the sea floor. Below the sea floor, the solubility does not increase with depth as rapidly as in seawater owing to temperature increase with depth in sediment.
rise and dissolve as shelled gas bubbles. The formation of a hydrate shell reduces the stability of CH 4 in water and the dissolution rate. The water parcel containing hydrate and shelled bubbles may or may not rise as a plume (depending on the number density and total amount). In any case, hydrate crystals and shelled bubbles would rise and dissolve. One question is whether these CH 4 forms are able to survive the water column and reach a shallow level (530 mbsl) where they would convert into gas and turn into a gas bubble plume to vent into the atmosphere. Zhang & Xu (2003) examined this question and showed that a hydrate crystal with a diameter of 10 mm is able to rise about 2000 m relative to water. Once the hydrate reaches the dissociation boundary (dashed horizontal line in Figure 10 at 530 mbsl) it dissociates rapidly. Shells on gas bubbles would also dissociate rapidly. A hydrate crystal with a diameter of 10 mm would dissociate completely in a 47 m water column. To survive a water column of 530 m, the hydrate sphere must have an initial diameter of about 0.1 m (depending on the local temperature-depth profile). Therefore, if there is a large amount of methane hydrate, and methane gas is released to the seawater column, under the right conditions it is possible that a large and concentrated bubbly plume could form at about 500 m water depth and lead to a surface eruption.
Bubble Plumes
The dynamics of methane bubble plumes in seawater have not been investigated experimentally or theoretically in detail. The Discovery Channel ("Dive to Bermuda Triangle," 4 April 2004) showed some interesting experiments by Guy Meadows and his coworkers at the University of Michigan to investigate the rise of huge bubbles, especially on the ability of bubble plumes to sink boats. Zhang (2003) developed a semiquantitative model to estimate the exit velocity of CH 4 -water plumes, similar to his lake eruption model (Zhang 1996) . Below, our adaptation of the plume model of Milgram (1983) for lake eruptions is applied to methane bubble plume eruptions. Because the CH 4 concentration in ambient water at the depth of hydrate dissociation is difficult to estimate, it is assumed that no CH 4 would exsolve from water and no CH 4 would be absorbed by water. The initial depth is assumed to be 500 m, and two values for the initial amount of CH 4 gas from dissociation are examined. The centerline velocity of a methane bubble plume increases with the initial amount of CH 4 gas in the gas phase and the initial plume radius. For an initial plume radius of 10 km, the exit centerline velocity may reach 130 m/s for 1 wt% of the initial fraction of the gas phase (Figure 12) . If the initial fraction of the gas phase is 0.1 wt%, the exit centerline velocity would be 62 m/s. Hence a concentrated and large CH 4 gas pocket is able to power a violent ocean eruption, although such eruptions have not been observed. Recognizing that gas-powered ocean eruptions may occur would help us understand this phenomenon in the future should it occur, avoiding confusion that occurred when lake eruptions were first discovered. Because CH 4 gas is less dense than air, after exiting the ocean surface the gas plume would rise high into the atmosphere and gradually dissipate, which differs from the formation of a ground-hugging CO 2 density flow after a lake eruption. In addition, if the plume has sufficiently high CH 4 concentrations it could ignite. Finally, if a 
Figure 12
Calculated eruption velocity for a CH 4 bubble plume ascending from a depth of 500 mbsl. The symbol δ is the initial mass fraction of the gas phase. The blue curves are for δ = 0.01, and the purple curves are for δ = 0.001. The solid curves are calculated centerline velocity using the bubble plume model described in the text. The dashed curves are calculated using the semiquantitative theory of Zhang (2003) . The initial velocity is assumed to be 10 m/s (varying the initial velocity only changes the exit velocity slightly), and the initial plume radius b is taken to be 10 km (the exit plume radius b is 3.3 km for δ = 0.01 and 5.2 km for δ = 0.001).
CH 4 bubble plume in the ocean encounters an ocean vessel, or a rising plume in the atmosphere encounters an airplane, it would be hazardous, although the exact effects are poorly understood.
SUMMARY
The dynamics of gas-driven lake and ocean eruptions depends on the concentration of the gases when eruption is initiated, the solubility constants, and the conduit radius. The dynamics of underwater lake eruption plumes have been approximated by the Bernoulli equation (Zhang 1996) , assuming that there is rough equilibrium between the gas phase and liquid phase and ignoring surrounding water entrainment. Bubble growth calculations and controlled degassing experiments show that the equilibrium assumption is not far off. In this review, to account for the effect of shallow water entrainment, the bubble plume theory of Milgram (1983) is adapted to the specific cases of lake eruptions and possible ocean eruptions. Results from the plume model show that the exit eruption velocity depends on the plume radius. Only for very large radius (of the order 10 km or more) would the exit velocity approach that calculated from the simple Bernoulli equation. For a lake eruption "conduit" radius of 0.1 km, the centerline exit velocity is only about half of the value predicted using the Bernoulli equation (Zhang 1996) . Because of the simplifications in the models, the centerline exit velocity is likely between the calculated plume velocity and Bernoulli velocity. For controlled pipe degassing of the lakes, the exit velocity is roughly the sound speed of the gas-liquid mixture. The initial discovery of lake eruptions led to puzzlement, surprise, and vigorous debates. Twenty years after the discovery of lake eruptions, scientists have gained a fundamental understanding of the mechanism and dynamics of such processes. With such understanding, the killer lakes are being degassed to reduce the danger of future eruptions. If successful, this will be one of the most triumphant examples of hazard mitigation. The discovery of lake eruptions also helped scientists to realize the varieties of gas-driven eruptions. Such realization leads to the investigation of various other types of hypothetical gas-driven eruption processes, so that humankind will be better prepared for such events.
FUTURE ISSUES
1. Bubble nucleation and growth play fundamental roles in gas-driven eruptions. In bubble growth, large bubbles have complicated shapes and wobble in water, which makes it difficult to calculate the growth rate accurately. Hence, more work using combined experimental and theoretical approaches is necessary to understand the growth of large rising bubbles. In bubble nucleation, there is currently no way to predict bubble nucleation rates in lake water or seawater. Hence, it is impossible to estimate bubble number density during an eruption, which means that the assumption of gas-liquid equilibrium must be used in constructing dynamic models. If nucleation rate can be quantified in the future, then it will be possible to construct more accurate models that incorporate the kinetics of gas exsolution and dynamics of shallow water entrainment in treating bubble plume eruptions.
2. For the mitigation of lake eruption hazards, it is essential to continue surveys and monitoring of equatorial lakes in volcanic regions. Additional effort should be made to degas Lakes Nyos and Monoun more quickly to reduce the window of danger from currently high gas concentrations. It is also important to closely monitor Lake Kivu because it has the potential to produce a much more devastating, in terms of human life, lake eruption.
3. On ocean eruptions, only preliminary work has been done. In the future this research will be dependent on mapping of various methane hydrate regions and other basic research on methane hydrate dynamics. One direction that is directly related to ocean eruptions is to understand the mechanisms of methane hydrate release to the water column from sediment through mud eruptions or other means.
4.
Understanding environmental consequences of carbon sequestration in oceans will determine whether this technique is viable. Additionally, more sophisticated models combining the droplet dissolution model with largescale convection patterns should be developed.
